Obtaining ultracold samples of dipolar molecules is a current challenge which requires an accurate knowledge of their electronic properties to guide the ongoing experiments. In this paper, we systematically investigate the ground state and the lowest triplet state of mixed alkali dimers (involving Li, Na, K, Rb, Cs) using a standard quantum chemistry approach based on pseudopotentials for atomic core representation, gaussian basis sets, and effective terms for core polarization effects. We emphasize on the convergence of the results for permanent dipole moments regarding the size of the gaussian basis set, and we discuss their predicted accuracy by comparing to other theoretical calculations or available experimental values. We also revisit the difficulty to compare computed potential curves among published papers, due to the differences in the modelization of core-core interaction.
I. INTRODUCTION
Researches on ultracold molecules are progressing very fast since a couple of years, as a growing number of research groups are now involved in this field. Indeed, ultracold molecules offer many new opportunities compared to ultracold atoms, due to their more complex structure: they can carry an amount of internal energy larger by orders of magnitude than their kinetic energy, opening new areas like ultracold photochemistry [1] or also superchemistry [2, 3] . The ultimate control of elementary chemical reactions using short-pulse lasers is now foreseen [4] , as both the internal and external degrees of freedom of the molecules can be well mastered. They allow the reinvestigation of phase transitions which up to now were explored only from the point of view of condensed matter physics, like the transition from bosonic to fermionic statistics [5, 6, 7] , the superconductivity transition through the observation of the pairing gap in strongly interacting Fermi gases [8] or the superfluid transition via the study of the BEC-BCS crossover [9] . Spectacular achievements have been recently demonstrated as for instance the observation of molecular condensates with various alkali dimers [10, 11, 12] , or of Feshbach resonance in molecule-molecule ultracold collisions [14] .
Other interesting prospects concern dipolar molecules (ie with a permanent dipole moment), as it can be read through the special issue on this topic published in 2004 [13] .
Among those are the possibility to design a quantum information device [15] , or the test of fundamental theories like the measurement of the eletron dipole moment [16, 17] .
The formation process is obviously the key issue of these developments. An efficient approach which dramatically improved these last years is the so-called Stark deceleration technique, relying on the slowing and trapping of molecules with a permanent electric dipole moment (usually labelled as dipolar molecules) using inhomogeneous external electric fields [18] . Besides, the "'historical"' approach based on photoassociation of ultracold atoms which has first demonstrated the formation of ultracold molecules with cesium dimers [19] , has recently progressed with the creation of ultracold samples of dipolar molecules composed of different alkali atoms like RbCs [20, 21] , KRb [22, 23] , and NaCs [24, 25] .
In a previous paper [26] we computed the rates for the photoassociation of mixed alkali pairs, and for the susbsequent formation of cold molecules, which showed that all alkali pairs involving either Rb and Cs are well suited for that purpose, as the cold molecule formation rate was only about ten times smaller than for Cs 2 formation. This result was found in good agreement with the RbCs experiment of Kerman et al [20] . Potential curves available in the literature, and constant (atomic) transition dipole moment were proved to be sufficient to establish these estimates. However, the practical implementation of cold molecule formation via photoassociation will require a much better knowledge of their electronic properties like radial variation of permanent and transition dipole moments, in order to better guide the experimentalists towards specific systems and transitions with maximal efficiency. New spectroscopic studies on heteronuclear alkali pairs are also currently reinvestigated for NaRb [27] and NaCs [28] , as well as the investigation of the effect of strong electric fields [29] , which may also benefit of such a study.
To respond to these requirements, we started a new accurate analysis of electronic properties of all alkali pairs from Li to Cs, including potential curves for ground and excited states, permanent and transition dipole moments. We set up an automatic procedure based on the CIPSI package (Configuration Interaction by Perturbation of a multiconfiguration wave function Selected Iteratively) [30] developed by the "Laboratoire de Physique Quantique de Toulouse (France)". Here we first investigate the permanent dipole moment of the ground state and the lowest triplet state of all mixed alkali pairs, for which only scattered experimental or theoretical results are available. We display their variation with the interatomic distance, as well as with the vibrational level. Most of these results were not previously available elsewhere. We emphasize on their convergence with respect to the size of the basis set. In the next section, we briefly recall the calculation procedure, which is well documented in many publications. We also review extensively the available calculations on these systems. In section III, we present our results obtained with basis sets published in the literature, and with new extended basis sets designed for all alkali atoms, in order to address convergence issues with respect to the size of the basis. We also discuss the comparison with other published papers, which is not often proposed, especially in the perspective of the addition of effective terms to the computed energies.
II. THEORETICAL CALCULATIONS
Many studies on heteronuclear alkali dimers have been performed using various quantum chemistry methods, restricted to the calculation of electronic potential curves for the ground and excited molecular states. The CIPSI package has been used to compute ground and excited potential curves of RbCs [31, 32, 33] , NaK [34, 35] , KLi [36] , LiRb, NaRb [37] , LiCs, NaCs, KCs [38] , KRb [39] . The method is based on the ab initio pseudopotentials of Durand and Barthelat [40, 41] for core representation, phenomenologic ℓ-dependent effective core polarization potential [42] and self-consistent calculation (SCF) combined with full valence configuration interaction interaction (CI) calculations. Additional effective terms may also be used to take in account short range core polarization terms (see for instance ref. [31] ).
Potential energy curves of ground and excited states of LiNa have been investigated by Davies et al [43] through many-body perturbation theory calculations, and by SchmidtMink et al [44] who have combined all-electron (SCF) calculations, valence CI calculations and have included an effective core polarization potential [45] . The electronic structure of KRb has been studied by Leininger et al [46] and by Park et al [47] using a method based on restricted Hartree-Fock (RHF) calculations, using the small-core (with nine electrons for each atom) relativistic pseudopotential of Christansen et al [49] and CI calculations. Park et al also introduced the effective core polarization potential of ref. [50] . Note that an extensive bibliographic overview on theoretical as well as experimental papers can be found in the "DiRef" database [51] devoted to diatomic molecules.
Only few papers include theoretical values for permanent dipole moments in addition to potential curve calculations. Igel-Mann et al [52] have performed a systematic study of the permanent dipole moments around the equilibrium distance of the ground state of all alkali dimers using the semi-empirical pseudopotential of Fuentealba [53] including a core polarization potential. All-electron SCF and valence CI calculations with or without core polarization correction have been performed by Müller and Meyer [45] for LiNa, LiK and NaK at the equilibrium distance. Janoschek et al [54] and Stevens et al [55] have reported permanent dipoles of NaK. The ab initio and pseudopotential calculations of Janoschek [54] concern only the ground state, while the more complete SCF and CI calculations including core-polarization effects done by Stevens et al [55] fluorescence [62, 63] , and the one of NaK by Wormsbecher et al using microwave optical double resonance technique [64] . Finally, Tarnovsky et al [65] have measured the electric dipole polarizabilities of alkali homonuclear and NaK and KCs heteronuclear dimers using molecular beam deflection in an inhomogenous electric field. This led the authors to set up two empirical rules for determining polarizabilities and dipole moments of all heteronuclear alkali dimers, yielding then the values of the dipole moments for all mixed pairs from the difference between the polarizabilities of their respective homonuclear dimers.
As mentionned above, we use here the CIPSI package to investigate the electronic structure of mixed alkali pairs MM', and we recall now the main features of this code. In this method, the atomic cores are described by the pseudopotentials of Durand and Barthelat Additionnally, the potential energy should include the core-core interaction potential V cc (R) which is modelled as long as the cores are far enough from each other with the pure repulsive 1/R term, and an attractive charge-induced dipole term V ind cc (R) = −(α
When the cores come close to each other, such an approximation is not sufficient due to their strong electrostatic repulsion, and further short-range effective terms have to be included in V cc . As discussed for instance in the case of alkali dimers [31, 69, 70] , the core-core repulsion V rep cc (R) has to be evaluated from ab-initio calculations according to various assumptions. The frozen core approach is then often used, in which the repulsion between the two ionic cores is obtained from a SCF calculation where the two ionic cores are represented by frozen atomic orbitals. It has been shown [31] that this term can be fitted by an exponential form. The contribution of the core-core dispersion energy has also to be taken in account, approximated by the London formula (see for instance ref. [31] ):
are the ionisation energies of the M + and M' + ions respectively.
We performed three different series of calculations, described below, characterized by different Gaussian basis sets summarized in Tables I, II , and III. The resulting atomic energies are displayed in Table IV , while the size of the generated molecular basis set is given in Table V for mixed alkali pairs.
• Prior to our new calculations, we checked the code and our procedure by first reproducing the computations performed by previous authors, employing the contracted Gaussian basis sets, the ionic core dipole polarizabilities and the ℓ-dependent cut-off radii ρ ℓ published by Poteau et al [71] for Li, by Magnier et al [72] for Na, by Magnier et al [34] for K, and by Pavolini et al for Rb and Cs [31] . Note that in these calculations, the values of α d may come from different sources [45, 73] . These calculations will be refered to as belonging to the "A" series.
• Then we removed the contracted orbitals from the basis sets quoted just above, and introduced the ℓ-dependent ECP's afterwards. For all atoms, we obtained a better description for atomic energy levels than with the contracted basis sets. Guided by this trend, our next series of calculations (labelled as series "B") involve uncontracted
Gaussian basis extended with respect those used in the "A" series, and dipole polarizabilities all coming from the same paper by Wilson et al [73] . Some basis coefficients, and the cut-off radii, have been reoptimized, in order to improve the quality of calculated atomic energy levels. Note that the Li basis set has been considerably increased compared to ref. [71] . In contrast, the K basis set is the same than in ref. [34] , but without contraction coefficients. The K basis has been recently extended by Magnier et al [74] to study highly excited states of the K 2 dimer.
• Due to the current interest for cold molecule studies about heteronuclear alkali pairs involving Cs, [20, 25] , we set up a third series of computations (C series) for LiCs, NaCs, KCs, and RbCs, using a basis set and cut-off parameters for Cs, which will be illustrative for the discussion of convergence issues.
As seen in Table IV we obtained in most cases slight improvements on the atomic energy levels when A and B calculations are compared to the experimental ones, which confirms that previously published basis sets were already quite well optimized. However, as it will be discussed in the next section, the improvement is more spectacular for potential curves, due to the cumulative effect of better defined static polarizabilities, and extended basis sets.
III. RESULTS
Before discussing in detail our results on permanent dipole moments, we first check the reliability of our extended basis sets by looking at the potential curves obtained for the ground state and lowest triplet state of the mixed pairs, concentrating on two specific examples, RbCs and KRb. We first first look at the potential energies V ′ (R) including only the 1/R term of V cc (R). As it is shown in Figure 1 , the minimum energy for V ′ (R) curves is found in general at distance R m larger than the equilibrium distance R e of the full
The combined influence of the addition of diffuse orbitals and the improved adjustement of the cut-off radii in series B compared to series A is clear, as the X and a states are found 48 cm −1 and 6 cm −1 deeper than in series A, respectively. In the latter case, the basis C for Cs still increases the a well depth by 6 cm −1 , while no effect is visible for the X state. The same trend is observed for all pairs: as a further example, the KRb ground state is found in the B case about 70 cm −1 deeper than in the A case, while the depth of the a state is increased by 2 cm −1 . Excited potential curves are also modified from A to B calculations, and will be investigated in further work.
We then computed the permanent dipole moment of X and a states for all heteronuclear pairs. The sign of the permanent dipole moment of a molecule depends on the interatomic axis orientation, which is assumed here to be oriented along the MM' direction, where M is the lightest atom of the mixed pair. A negative dipole moment then implies an excess electron charge on the M atom. In the following, values are given in Debye, with 1 atomic unit=2.54158059 Debye.
Here again we first check the influence of the optimization of the basis set and of the cut-off parameters on the RbCs permanent dipole moment (figure 2). Note that V cc (R) does not influence the electronic wave functions, neither the dipole moments functions. The R dependence is found very similar for all A, B, C calculations, with a minimum around 9.3a 0
for the X state (slightly larger than the minimum distance R X m = 8.5a 0 ), and around 13.4a 0 for the a state (slightly larger than the minimum distance R a m = 12.6a 0 ). Increasing the size of the basis changes the dipole moment of the X state in the region of the minimum by only 2 to 5%, while the moment for the a state, which is much smaller in magnitude, changes (around the location of its minimum) by about 50% from A to B calculations, and only by 7% from B to C calculations. A similar trend is observed for the other mixed pairs (see table VI), as the change from A to B or C approaches in the ground state dipole moment never exceeds a few percents, being most often smaller than 1%. So we can safely estimate that the B calculations are converged with respect to the size of the basis set.
The R-variation of the permanent dipole moment for the X 1 Σ + and a 3 Σ + states deduced from calculations B (figure 3a) is found similar for the ground state of all pairs. Apart for the LiNa dipole moment which remainsclose to 0 Debye, the curves present a minimum at a distance R X d systematically larger by about 1a 0 to 1.5a 0 than the equilibrium distance R X e of the ground state, and vanishes at large R as expected. The magnitude of the dipole strongly depends of the chosen pair, the largest being for LiCs around -6 Debye. In contrast, the R-dependence of the dipole moment in the a state is more irregular over the mixed pair series, with a minimum for some species (LiCs, RbCs, KRb) and a maximum for the other dimers. Figure 3 : the ground state dipole moment is almost constant for the lowest forty levels for the less polar species, while it varies more rapidly for LiRb, LiCs, NaRb. As expected, all these curves vanish at large distances (not shown on the figure).
For the purpose of comparison with other works, we summarize our results for the ground state in a tabular form (Table VI) , displaying the value of the permanent dipole moment at the equilibrium distance R As expected, the dipole moment of v = 0 is close to the value of the dipole function at the equilibrium distance. Our results are in good agreement with the available experimental values, within a 2% for LiK, NaK, and NaCs, and slightly more (6%) for NaRb. The difference is found much larger (around 20%) for the less polar molecule LiNa. We confirm that the approximate scaling law proposed in ref. [65] overestimates the dipole moment, except for the less polar molecules KRb and RbCs, which in contrast are underestimated.
Our results are in excellent agreement with those of ref. [52] , which a similar approach without the ℓ-dependence of the core polarization terms.
We have already mentionned that very few other theoretical variations of the permanent dipole moment with the interatomic distance are available in the literature. The R-dependence of the dipole moment in the ground state of NaLi molecule obtained by Bertoncini et al [56] and by Rosmus and Meyer [57] disagree with each other both in sign and in magnitude. Our negative value for LiNa supports the prediction of Rosmus and Meyer but not their R-variation. Note that the authors of ref. [57] , and later on in another paper [50] , underlined the great sensivity of the dipole moment of NaLi to valence correlations and core polarization effects. Similarly, results by Stevens et al on NaK [55] also differ strongly from ours, which can be attributed to the absence of an ℓ-dependence in the effective core potentials, included afterwards in the NaK study of Magnier and Millié [34] .
The KRb molecule is an attractive case in the cold molecule field, as two recent calculations of the X and a states of KRb including the R-dependence of the permanent dipole moments have been performed by Park et al [47, 48] and by Kotochigova et al [58] using quite different theoretical approaches. Their predictions are compared with our calculations A and B in figure 5 . It is striking to see that quite large differences are observed, up to 20% with the non-relativistic result of ref. [58] , and 40% with ref. [47] or with the relativistic calculations of ref. [58] . It is not easy to understand such large differences. One reason could be the different ways to treat the core polarization effects. Kotochigova et al [58] indicate that the implementation of core polarization effects may reduce their dipole moment by about 50%. They also mention that their convergence with respect to the number of basis functions is of the same order than the difference between their relativistic and non-relativistic calculations. It would be interesting to perform these kind of comparisons for molecules with a larger dipole moment, as we may expect larger core polarization effects. Given the good agreement we obtain with available experimental values on other systems, we believe that our values are quite accurate.
IV. DISCUSSION
We performed potential curves and transition dipole moments calculations for all heteronuclear alkali pairs, in order to investigate the influence of the basis set size on higher excited electronic states, which is expected to be significant. The comparison of these potential curves with other existing calculations will be presented in further publications, as well as results for dipole transition moments which are not available elsewhere for most species.
These data are of particular importance for the optimization of multiple-step schemes for ultracold molecule formation, like the one performed by Sage et al [21] , or for the interpretation of recent observation of Autler-Townes effect in highly excited molecular states [79] .
An important issue is also the evaluation of the accuracy of potential curves (by looking for instance at well depths and equilibrium distances) compared to experimental determinations, in relation with the choice of the effective terms included in the core-core potential: Therefore it is tedious to predict well depths with an accuracy better than a few tens of wave numbers. An empirical solution to this problem is offered when an experimental determination of the ground state potential is available, as illustrated for example in the spectroscopic analysis of NaRb states by Docenko et al [28] : the difference between the experimentally determined ground state potential curve and the computed curves of ref. [38] is attributed to the cumulative effect of the different terms of the core-core interaction. This difference is then assumed to be independent of the molecular electronic excitation: it can be added in turn to the computed excited potential curves, yielding then a good representation of the excited molecular states. [73] . Note that for Cs, Allouche and coworkers [38, 76] 
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